The mechanisms of regulation, activation and signal transduction of the angiotensin II (Ang II) type 1 (AT1) receptor have been studied extensively in the decade after its cloning. The AT1 receptor is a major component of the renin-angiotensin system (RAS). It mediates the classical biological actions of Ang II. Among the structures required for regulation and activation of the receptor, its carboxyl-terminal region plays crucial roles in receptor internalization, desensitization and phosphorylation. The mechanisms involved in heterotrimeric G-protein coupling to the receptor, activation of the downstream signaling pathway by G proteins and the Ang II signal transduction pathways leading to specific cellular responses are discussed. In addition, recent work on the identification and characterization of novel proteins associated with carboxyl-terminus of the AT1 receptor is presented. These novel proteins will advance our understanding of how the receptor is internalized and recycled as they provide molecular mechanisms for the activation and regulation of G-protein-coupled receptors.
INTRODUCTION
The renin-angiotensin system (RAS) is considered to be the major regulator of blood pressure, electrolyte balance and renal, neuronal as well as endocrine functions related to cardiovascular control. The RAS is the key factor in most cases essential hypertension, as indicated by successes in treatment of hypertensive patients with various angiotensin I converting enzyme (ACE) inhibitors and receptor blockers. Renin was a central subject of intense investigation because of its role in blood pressure regulation before the discovery of angiotensinogen. Early studies by two groups, led respectively by Page and Braun-Menendez, independently demonstrated that renin was not the direct cause of experimental hypertension, but rather it acted on a substance in plasma to yield a heat-stable peptide possessing both pressor and vasoconstrictor functions [1] , [2] .
Renin is a protease and released from juxtaglomerular cells of the kidney. Angiotensinogen is a 56-60 kDa glycoprotein produced mainly in the liver and released into the blood. It is the only known substrate for renin, and is cleaved at a position between 10 and 11 amino acids to generate angiotensin I (Ang I). Skeggs's group was the first to successfully purify Ang I and Ang II from horse plasma with large quantities of hog renin [3] [4] [5] . Subsequent studies by this same group characterized ACE, the enzyme which converts Ang I to Ang II [6] . Fig 1 shows the biochemical pathways of formation of active angiotensins from their prohormone, angiotensinogen. The biologically active form, Ang II, the effector molecule of this important biological system set, was instrumental in the effort to clone Ang II receptors.
Two distinct subtypes of Ang II receptors, AT1 and AT2, have been identified by using non-peptidic, subtype-selective antagonists (losartan for AT1 and PD123319 for AT2, respectively). Although both receptor types belong to the G-protein-coupled receptor superfamily which has seven transmembranespanning domains, the properties of the two Ang II receptors have been shown to be different. The AT1 receptors undergo rapid internalization and desensitization upon agonist stimulation, whereas AT2 receptors do not internalize and desensitize. This review focuses on regulation and activation of the AT1 receptor and receptor-associated proteins.
Cloning of the AT1 receptor
Numerous previous attempts to purify the AT1 receptor failed because of its instability and minute quantities present in various tissues. However, a new expression cloning technique resolved the problem of isolating AT1 receptor complementary DNA (cDNA) without purifying receptor proteins. In 1991, two groups adapted the expression cloning method, and successfully isolated full length cDNA of the AT1 receptor using the expression vectors pCDM8 and pCDNA1 [7] , [8] . Messenger RNAs from cultured bovine adrenal zona glomerulosa cells or rat aortic vascular smooth muscle cells (VSMC) were used to prepare a cDNA library, which was inserted into pCDM8 or pCDNA1 respectively, divided into small pools, then expressed and selected in Cos7 cells. Cells transfected with plasmid containing cDNA for the receptor were identified by its binding to the radio-iodinated Ang II analog Sar1, Ile8-Ang II. The plasmid DNA of positive clones was re-isolated from the cells, transformed into bacteria competent cells, and amplified for secondary transfection. By repeating these steps, the final, single cDNA coding for the receptor was isolated. Sub-sequently, two different subtypes of the AT1 receptor, AT1A and AT1B, were identified in rodent animal, but not in mammalians including human by plaque hybridization screening [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Human AT1 was mapped on chromosome 3q21-3q25 by Curnow et al [20] . Rat AT1A was located on chromosome 17, and AT1B on chromosome 2 [21] , [22] . A non-mammalian high affinity receptor for Ang II was also found in Xenopus laevis cardiac membranes, characterized by binding-inhibition studies with peptide and non-peptide Ang II antagonists [23] , and its cDNA was isolated [24] . Xenopus sp. myocardial Ang II receptor cDNA is 3,052 basepairs in length and contains an open reading frame of 1,086 base-pairs encoding a protein of 362 amino acids. The Xenopus AT1 receptor has 58-60% amino acid identity and 65% nucleotide homology of the coding region with mammalian AT1 receptors and is pharmacologically distinct from them.
Structure of the AT1 receptor
The amino acid sequences encoded by the open reading frame of AT1 cDNA and genomic DNA of all mammalian and rodent species consist of 359 amino acid residues with a calculated molecular weight of 41 kDa, which is in agreement with that of the unglycosylated form of the AT1A receptor tagged with Flag epitope in transfected 293 cells (Fig  2) . Structural predictions suggest an extracellular NH2-terminus followed by seven a-helical transmembrane-spanning domains, which are connected by three extracellular and three intracellular loops, linked to the carboxyl-terminus. Three consensus sites for N-glycosylation can be found in Asn4 in the NH2-terminus and in Asn176 and Asn188 within the second extracellular loop. The carboxylterminal region is rich of serine, threonine and tyrosine residues, with three putative phosphorylation sites of protein kinase C (PKC) (Fig 3) . Some of these residues are phosphorylated in an agonist-dependent manner and are predicted to play an important role in receptor internalization, desensitization and trafficking.
Hydropathy analysis of the amino acid sequence indicates that the AT1 receptor has seven a helical transmembrane domains characteristic of the superfamily of G-protein-coupled receptors, which is the biggest member of the human genome based on the findings of human genome projects. The amino acid sequence shows 20-35% homology with other G-protein-coupled receptors. Two pairs of disulfide bridges have been identified with four cysteine residues located in the extracellular domain. One of these bridges, spanning the second and third extracellular loops, is highly conserved in other G-proteincoupled receptors. The second disulfide bridge connects the N-terminus and last extracellular loop. Disruption of this structure by interruption of the disulfide bridges could explain why the AT1 receptor is sensitive to sulfhydryl reagents such as dithiothreitol [27] .
Regulation of AT1 receptor gene expression
Studies on the genomic organization of rat AT1A and AT1B, have revealed that rat AT1A has four exons, with the coding sequence located on the third exon [28] , while rat AT1B has only three exons, with the coding sequence encoded in the third exon [29] . In contrast, human AT1 receptor gene consists of at least five exons, with the last exon containing the coding sequence [30] . The amino acid sequences encoded by the coding regions of AT1A and AT1B share 96% homology, but there are marked differences in the non-coding regions, suggesting possible variations in the mechanism of receptor regulation. Although rodents have two AT1 receptor subtypes, AT1A and AT1B, which are expressed in different proportions in different tissues, their signaling mechanisms and binding to ligand are virtually identical, with the major difference residing in the manner of transcriptional regulation.
AT1A is dominant over AT1B in most cardiovascular tissues, while endocrine tissues such as the adrenal and pituitary glands express AT1B more than AT1A [12] , [31] . Mice lacking the expression of these genes show that the AT1A receptor is far more important in the control of blood pressure. Systolic blood pressure is markedly reduced in mice that have no AT1A receptors while no significant difference of blood pressure is observed between wild type control animals and mice lacking the AT1B receptor gene [32] [33] [34] . Rat AT1A, AT1B and human AT1 5'-flanking region sequences have been determined. Sites for binding to the RNA polymerase II transcriptional complex, including the TATA box and possible GC box, have been found proximally upstream from the transcriptional start site(s). Functional responsive elements and suppressing/enhancing regions including glucocorticoid-responsive element and PEA3 factor binding site, have also been identified [35] , [36] .
Regulation of gene expression has been studied in rat mesangial and aortic smooth muscle cells in vitro. Makita et al [37] found that the treatment of mesangial cells with Ang II or forskolin markedly suppresses AT1A mRNA expression. These effects do not appear to be mediated by PKC or by a calmodulin-mediated signaling pathway. Studies have failed to identify transcriptional regulation, but the AT1A mRNA stabilization in its 3'-untranslated region may play an important role in down-regula-tion of AT1A mRNA by Ang II (Uno S, Guo DF, Inagami T, unpublished observation).
Signaling transduction pathways of the AT1 receptor
From studies focused on AT1 receptor-mediated signal transduction pathways, it has become apparent that Ang II-induced signal varies from seconds (e.g. activation of phospholipase C (PLC), generation of inositol phosphate and Ca 2+ release) to minutes (e.g. mitogen-activated protein (MAP) kinase activation) to hours (e.g. activation of Janus kinase (JAK) and signal transducers and activators of transcription (STAT) pathway) after Ang II stimulation (Fig 4) .
The signal transduction pathway of the AT1 receptor is mediated by Gq/11-proteins activating the Ca 2+ signal and the PKC-mediated system. The effects of Gq-protein-mediated activation of the AT1 receptor varies in different tissues, including vasoconstriction, aldosterone release, renal sodium reabsorption, adrenergic facilitation, VSMC hypertrophy and cardiac myocyte hyperplasia. In VSMC, Ang II activates numerous tyrosine phosphorylated proteins, which share similarity with that the response to growth factors and cytokines, including the JAK kinase family, JAK2 and Tyk2 [38] , [39] , the Src kinase family, Fyn and c-Src [40] , [41] , the growth factor receptor family, platelet-derived growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR) and insulin growth factor receptor (IGFR) [42] [43] [44] [45] [46] , the STAT transcriptional factor family [47] , [48] , and the cell adhesion proteins, Paxillin and focal adhesion kinase (FAK) [49] , [50] . In addition, the adaptor protein SHC, tyrosine phosphatase SHP2, PLC-γ1, p130CAS and insulin receptor substance 1 (IRS1) are also tyrosinephosphorylated in response to Ang II [42] , [51] [52] [53] .
Another important signal transduction pathway induced by Ang II is the PKC signaling pathway. PKCs are serine/threonine kinases whose substrates include proteins that are important in cellular proliferation. There are currently 11 members belonging to the PKC family that could be divided into three subtypes according to their mechanisms of activation. The activation of phospholipases through both G-protein-dependent and G-protein-independent mechanisms causes PIP2 to be hydrolyzed to two important molecules, IP3 and diacylglycerol (DAG). DAG, in turn activates PKC. The carboxylterminal region of the AT1 receptor has been shown to be phosphorylated by PKC, indicating that AT1 receptor activation is PKC-dependent [54] . The role of PKC in Ang II signaling has been studied by down-regulating PKC activity through prolonged exposure to phorbol esters or activation of PKC by short time exposure to phorbol esters in cultured VSMC. Down regulation of PKC significantly reduces Ang II-mediated induction of expression of early response genes as well as cellular proliferation [55] , [56] . Thus, it is likely that events such as smooth muscle cell proliferation, seen in some vascular diseases, willhave a PKC-dependent component.
G-protein activation by the AT1 receptor initiated a search for the region of the AT1 receptor that mediates this activation. Coupling to heterotrimeric G-proteins is dependent upon the proximal region of the carboxyl-terminus of AT1 receptor specifically, the hydrophobic cluster of Tyr312, Phe313 and Leu314 [57] , [58] . Site-directed mutagenesis studies have revealed that Tyr312, Phe313 and Leu314 yield receptors that are insensitive to GTPgS and display a reduced capacity to liberate IP3 formation after Ang II stimulation, indicating uncoupling from G-proteins in transfected mammalian cells. Also, purified peptides containing the wild type sequence but not mutations at Tyr312, Phe313 and Leu314 are able to activate GTP γS binding to purified Gproteins.
Interestingly, the carboxyl-terminus of AT1 receptor also interacts with proteins other than G proteins. After the initial report of induction of the JAK-STAT pathway by the AT1 receptor, Marrero et al [38] demonstrated that it interacts directly with JAK2 kinase, providing the mechanism of JAK-STAT activation. Subsequently, they proposed that JAK2 is associated with the AT1A receptor through the Tyr319Ile320Pro321Pro322 (YIPP, Fig 3) sequence within the proximal carboxyl-terminal region of AT1A receptor [59] . While this YIPP motif may function as a SH2 targeting sequence upon phosphorylation of Tyr319, JAK2 contains no SH2 domains that could putatively mediate the association. Moreover, Oppermann et al [60] found little evidence of tyrosine phosphorylation of the AT1 receptor, al-though Venema et al [61] recently reported robust tyrosine phosphorylation of the AT1A receptor in VSMC after Ang II treatment. The controversy in data interpretation using current AT1 receptor antibodies [61] versus epitope-tagged receptors [60] , [61] warrants that further studies to resolve the issue of whether the AT1 receptor becomes tyrosine phosphorylated, especially on Tyr319, after Ang II stimulation. Phospho amino acid analysis using immunoprecipitated epitope-tagged receptor will help to resolve this issue in future investigation. Nevertheless, lack of the SH2 domain of JAK2 kinase leads to the prediction that adaptor proteins may be the link between JAK2 and the YIPP motif of the AT1 receptor. The SH2 domain containing SHP-2 phosphotryosine phosphatase has been identified as the possible adaptor molecule [61] .
The pathway was also found by using EGFR, which provides a scaffold for the activation of MAP kinase cascades [44] [45] [46] . EGFR was tyrosine-phosphorylated by unknown tyrosine kinases, but it was clearly demonstrated that EGFR activity was not activated by Ang II stimulation. The pathway that the AT1 receptor stimulates tyrosine phosphorylation of EGFR is not known. A Ca 2+ -dependent tyrosine kinase, Pyk2 may be involved in EGFR activation, or the C-Src family of tyrosine kinase may be implicated in this pathway, which is still hypothetical and requires further investigation. Nonetheless, the general direction of AT1 receptor is that of a positive activator of protein tyrosine phosphorylation, which plays a pivotal role in immediate, early gene expression leading to cell proliferation and hypertrophy. Fig 4 outlines the features of G-protein, MAP kinase and JAK-STAT signaling that arediscussed in this review. Cellular responses are also depicted in the figure.
Functional domains of the AT1 receptor
Elucidation of the mechanism of action of the AT1 receptor requires identification of the Ang II binding sites, structures involved in the ensuing conformational changes of the receptor and in interaction with G-proteins. Furthermore, the structural features of regulation by internalization, desensitization and phosphorylation have been examined extensively. These objectives have been approached by site-directed mutagenesis with biochemistry and pharmacological experiments. These studies have revealed that the carboxyl-terminus of the AT1 receptor plays pivotal role on receptor internalization, desensitization, phosphorylation, coupling to G-proteins and other proteins except binding to Ang II (Fig 3) .
The peptide Ang II should bind over a sizeable b i n d i n g d o m a i n . B a s e d o n a n u m b e r o f pharmacological, mutagenesis and computer-oriented modeling studies [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] , the general agreement is that a positively-charged residue of Lys199 on transmembrane domain (TM)-5 of the AT1 receptor interacts with the -carboxyl group of Phe8 in Ang II. This interaction is crucial for high affinity binding of Ang II to the receptor. In addition to this coupling, interactions between His183 in the second extracellular loop and Asp1 in Ang II, and Asp281 in TM-7 with Arg2 in Ang II stabilize the receptor and Ang II binding. Moreover, the interactions of His256, Val254 and Phe259 in TM-6 with the aromatic sidechain of Phe8 in Ang II and Asn111 in TM-3 with Tyr4 in Ang II have been postulated to contribute to Ang II docking with the receptor.
Receptor internalization
Growth factor receptors with intrinsic tyrosine kinase activity and G-protein-coupled receptors are internalized by a similar clathrin-coated vesicular endocytic process [77] . The coat of clathrin-coated vesicles consists of a complex of clathrin and clathrin adaptor proteins. Of the two types of clathrin-coated vesicles, one mediates internalization of the receptor-ligand complex from the plasma membrane, and the other transports newly-synthesized proteins from the trans-Golgi network. The plasma membrane and Golgi complex-associated clathrin-coated vesicles contain different adaptor complexes, referred to as HA2 (AP2) and HA1 (AP1), respectively [78] , [79] . Clathrin plays a mechanical role in vesicle budding, while the adaptor proteins AP1 and AP2 are thought to link clathrin to the cytoplasmic domains of a select group of Golgi proteins or plasma membrane proteins such as receptors [78] . High-resolution electron microscopy suggests that the coat consists of an outer lattice of clathrin and an inner shell that contains brick-shaped adaptor complexes. The adaptor complexes thus lie immediately adjacent to the cytoplasmic face of the plasma membrane and are able to interact directly with the carboxyl terminus of the receptors. This notion was first verified for EGFR, showing that AP2 interacts directly with the carboxyl terminus of the receptors [78] .
Internalization motifs identified within the carboxyl-terminal region of the AT1 receptor supposedly mediate the recruitment of activated receptors into well-known clathrin-coated pits and vesicles. These motifs are presumed to bind adaptor protein complexes, such as AP2, which interact with the clathrin lattice to promote internalization and form vesicles. Extensive mutagenesis studies of the AT1 receptor, aimed at identifying endocytotic motifs, have revealed two separate domains of the carboxylterminus and one in the third intracellular loop that are important for receptor internalization [54] , [64] , [80] [81] [82] [83] [84] [85] [86] . These truncated receptors display a high affinity for Ang II, signaled in response to Ang II stimulation, demonstrating that other receptor functions are not affected. An amino acid triplet, Ser335Thr336Leu337 (Fig 3) , has been shown to contribute to AT1 receptor endocytosis. Additional studies by Thomas's group found that the STL motif is essential for receptor internalization, but requires one more closer region between amino acids 315 and 329 for maximal receptor internalization [82] . In particular, two of the mutants (Leu316Phe and Tyr319Ala) within the region display significantly reduced internalization rates.
Receptor desensitization
Signal transduction by G-protein-coupled receptors is often accompanied by rapid desensitization, i.e. attenuation of the cellular response upon prolonged or repeated agonist exposure. Extensive studies of β2-adrenergic receptors have revealed the existence of three major mechanisms of receptor desensitization: 1) rapid uncoupling from G-protein, 2) sequestration of receptors into endosomal vesicles, and 3) downregulation of the total number of receptors [87] [88] [89] . Rapid uncoupling of the ligand-receptor complex from G-protein occurs in a very short time (seconds to minutes after ligand binding) and shifts the receptor to a low-affinity form. Heterologous desensitization of the β2-adrenergic receptor requires the phosphorylation, by protein kinase A (PKA), of two serine residues located in the third cytoplasmic loop and in the proximal portion of the carboxyl terminus, whereas agonist-induced homologous desensitization of the receptor requires phosphorylation of clustered serine/threonine residues in the distal portion of the carboxyl terminus by β2-adrenergic receptor kinases (GRKs). Phosphorylation of the cytoplasmic tail by GRKs favors binding of arrestin-like proteins to the receptor, which blocks its physical coupling to Gs-protein and adenylyl cyclase [90, 91] . Sequestration and downregulation involve the internalization of receptors in different types of vesicles and specific sorting mechanisms to recognize and deliver internalized receptors to either the recycling or degradation (lysosome) pathway. It should be noted that sequestration does not appear to play a major role in desensitization but may instead be involved in the resensitization process [92] .
The serine-and threonine-rich carboxyl-terminal region of the AT1 receptor is thought to be phosphorylated and to play a key role in the desensitization of AT1 responses. Desensitization is characterizated by a reduction in magnitude of signaling in response to repeated and prolonged stimulation by ligands. Our studies have shown that the region between 329 and 347 within the carboxylterminus is critical for Ang II-and phorbol esterinduced desensitization by using three truncation of the receptors at positions 318, 328 and 347 (see Fig 3) [54] . In addition, Conchon et al [93] have reported the activation and desensitization of the AT1 receptor by using six mutants truncated at positions 303, 313, 328, 335, 340 and 346 within the carboxyl-terminus. Truncation of the receptor after position 328 displays an amplification of the Ang IIinduced intracellular signal as a consequence of reduced desensitization. Low desensitization to phorbol ester, observed with the wild type receptor, is also abolished in these mutant receptors. Receptor truncated after position 340 are indistinguishable from wild type receptors, confirm our findings that the region between 328 to 340 is important for receptor desensitization. A role for PKC in receptor desensitization may be required for low-dose (1 nM range) Ang II or heterologous stimulation. A recent study by Feng et al. [94] supported heterologous AT1 receptor desensitization following stimulation of the endothelin A receptor, presumably as a result of PKC activation and translocation to the plasma membrane.
Receptor dimerization
For many growth factor and cytokine receptors, the principal mechanism initiating receptor-mediated signaling is ligand-dependent receptor autotyrosine phosphorylation and dimerization. The phosphorylated receptor recruits additional signaling molecules to the dimer. As a result, intracellular signaling cascades and growth factor and cytokine responses are initiated. An intriguing possibility, based on exciting preliminary data from other Gprotein-coupled receptors, is that AT1 receptors may undergo agonist-induced dimerization, and that this process is involved in modulating receptor internalization. Recent studies on other G-proteincoupled receptors have been observed that β2-adrenergic, muscarinic, dopamine D2 and opioid receptors undergo dimerization following agonist stimulation [95] [96] [97] [98] [99] [100] . Receptor dimerization is likely initiative step toward receptor internalization following agonist stimulation. However, its role in receptor signal transduction pathways is not understood. Using different epitope tags to the AT1A receptor, our preliminary results indicate that it also undergoes dimerization, and its carboxyl-terminus seems to be involved in this process. Detailed mechanisms of receptor dimerization and its impor-tance in receptor activation still require for further investigation.
Receptor phosphorylation
Unlike many growth factor and cytokine receptors, the AT1 receptor lacks intrinsic kinase domains in intracellular loops and in the carboxyl-terminus. The ability of anti-AT1 receptor antibodies to detect the receptor by Western blotting and to collect the receptor by immunoprecipitation has been one of the major controversies in this field of research. Most of research groups including us have attempted, but failed to raise specific antibodies against AT1 receptor. However, several groups have reported the AT1 receptor phosphorylation [60, 62, [101] [102] [103] [104] [105] . Among these, Smith et al [102] produced polyclonal antibodies against a fusion protein containing carboxyl-terminus of the AT1B receptor. They provided compelling evidence that these antibodies have the ability to detect and immunoprecipitate the endogenous AT1 receptor from bovine adrenal glomerullar cells. Moreover, they demonstrated that AT1 receptor phosphorylation is Ang II-dependent.
Controversies and difficulties in raising anti-AT1 receptor antibodies led many groups to explore alternative ways of overcoming this problem. Epitopetagged receptors with subsequent detection and immunoprecipitation of tagged peptides with commercially-available and well-characterized monoclonal antibodies are widely used for protein detection, intracellular localization and protein-protein interaction. The AT1A receptor with HA (influenza hemagglutinin antigen) epitope at the N-terminus was first created and transiently transfected in HEK-293 cells. A broad band of 60-150 kDa was observed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Oppermann et al [60] demonstrated that the HA-tagged AT1A receptor was phosphorylated in an agonist-dependent manner. They also showed that the HA-tagged AT1A receptor was phosphorylated by G-protein-coupled receptor kinases 2 and 5 and PKC. Balmforth et al [101] generated hexahistidine-tagged AT1A receptor which the receptor could be purified with Ni2+ beads and detected with anti-His antibodies. They demonstrated that the His-tagged AT1A receptor was phosphorylated following Ang II stimulation. Moreover, they showed the receptor complex with 125I-labelled Sar1Ile8-Ang II. Thomas et al [62] further identified the regions and residues phosphorylated on the receptor, using a series of truncated HA-tagged AT1A receptors. They suggested that the region between 326 to 359 of the receptor was involved in Ang II-induced receptor phosphorylation.
Despite efforts to raise antibodies against the AT1 receptor or to use epitope-tagged AT1 receptor, none of these studies clearly reported receptor detection and immunoprecipitation . In our laboratory, we created the modified Flag-epitope tagged AT1A receptor, which contains the prolactin signal sequence followed by the Flag epitope sequence and then by the AT1A receptor sequence. Using commercially-available anti-Flag antibodies, we clearly demonstrated that wild type as well as truncated Flag-tagged AT1 receptors were immunoprecipitaed and detected with monoclonal anti-Flag antibodies by Western blotting (see Fig 2) . Glycosylated and unglycosylated receptor forms were found. The glycosylated form of the wild type AT1A and truncated mutant AT1A-T318 receptor migrated at 70 and 66 kDa respectively, in 10% SDS-PAGE, while the unglycosylated form migrated at 41 and 36 kDa, respectively. Moreover, we also created the Myc epitope-tagged AT1A receptor, which enbled us to determine receptor dimerization.
Receptor trafficking
At present, little is known about the mechanisms regulating intracellular trafficking of the AT1 receptor. However, using confocal laser scanning microscopy Hein et al [106] demonstrated that the complex of FITC-coupled Ang II and Flag epitope tagged-AT1A receptor was internalized into endosomes. After removal of Ang II, the AT1 receptor was recycled back to the plasma membrane, while Ang II was targeted to the lysosomal degradation pathway. Future studies using green fluorescenece protein (GFP) fusion with the AT1 receptor and real time laser scanning microscopy may provide detailed evidence of receptor intracellular trafficking.
Identification of AT1 receptor-associated proteins
As mentioned above, the carboxyl-terminus of the AT1 receptor has been demonstrated to associate with at least two proteins, heterotrimeric Gprotein, Gq/11 and JAK2 tyrosine kinase. Methods protein, termed AT1 receptor-associated protein (ATRAP). ATRAP is a relatively small protein, encoding an open reading frame of 161 amino acids with a predicted molecular mass of 18 kDa. It has one potential N-glycosylation site, one potential PKC phosphorylation site, and one casein kinase II phosphorylation site. Its NH2-terminus contains extensive hydrophobic residues. ATRAP mRNA is expressed at a relatively high level in the kidney, heart and testis, but at a lower level in the lung, liver, spleen and brain. In vitro interaction between the AT1 receptor and ATRAP has been demonstrated using the carboxyl-terminus fused with maltose-binding protein and HA epitope-tagged-ATRAP expressed in -transfected Cos 7 cells. ATRAP interacts specifically with the carboxyl-terminus of the AT1 receptor but not with those of the AT2 receptor. Moreover, binding of the Flag epitope-tagged AT1A receptor and HA epitope-tagged ATRAP was confirmed by co-immunoprecipitation from transfected Cos 7 cells. In addition, co-localization of the AT1 receptor and ATRAP was examined in Cos 7 cells co-transfected with HA epitope-tagged ATRAP and Flag epitope-tagged AT1A receptor. Two proteins are co-stained and located at the periphery of the cells and in intracellular compartments.
Using a truncated mutant receptor, the region between 339 to 359 within the carboxyl-terminus of the AT1A receptor was identified as the ATRAPbinding site. Receptor desensitization affected by ATRAP was examined with agonist-dependent PLC activation. PLC activity was markedly inhibited by an average of 35% in cells co-transfected with ATRAP and AT1 receptors when compared with cells co-transfected with AT1A receptor and vector plasmid, indicating that ATRAP overexpression regulates AT1 receptor desensitization. No effect of ATRAP overexpression was observed on m3 muscarinic receptor-mediated PLC activation. No interaction between ATRAP and the carboxyl-terminus of numerous Gq/Gs-coupled receptors, m3 muscarinic, bradykinin B2, endothelin B and b2-adrenergi receptors was obtained by yeast two-hybrid assay, suggesting that ATRAP is specifically associated with the AT1 receptor. Further studies by the same group [108] demonstrated that ATRAP overexpression enhances AT1 receptor internalization in VSMC, indicating that ATRAP affects not only receptor desensitization, but also receptor internalization. Moreover, they found that ATRAP overexpression inhibits cell growth as measured DNA synthesis in VSMC. This inhibition may be caused at least partially, by reduction of protein tyrosine phosphorylation such as STAT3 and AKT and MAP kinases which have been reported to play pivotal roles in AT1 receptor-mediated cell growth in VSMC.
In our laboratory, we employed same yeast twohybrid screening approach with amino acid residues from 295 to 359 within the carboxyl-terminus of the rat AT1A receptor as bait. A novel protein, termed ARAP1 (Ang II type 1 receptor associated protein), was isolated with a mouse 10.5-day embryo cDNA library. A full length, 2,138 base-pair rat ARAP1 cDNA clone contained an open reading frame of 1, 479 base-pairs encoding a hydrophilic protein of 493 amino acid residues with a calculated molecular mass of 57,156 Da. Rat ARAP1 shares 95% of amino acid homology with human and mouse (Fig 5) . An amino acid sequence database search revealed a region of 20% identity over a 108 amino acid residue stretch between ARAP1 (residues 95 to 202) and yeast PEP12, without any gaps. The yeast PEP12 protein was localized in the pre-vacuolar endosome and its activity is required for transporting proteins from the Golgi to the vacuoles [109] , [110] . This suggests the possible role of ARAP1 in intracellular traffick- The angiotensin II type 1 receptor and receptor-associated proteins ing of the AT1 receptor. A region of 43% identity over 216 amino acid residues between ARAP1 (residues 272 to 487) and fibrinogen was also identified by database searches with three gaps of 23 residues. Moreover, a coiled-coil domain in the NH2-terminus was found in ARAP1, indicating potential protein-protein interaction. ARAP1 mRNA was expressed in most rat tissues at a high level in the heart and kidney, but at a lower level in the brain, lung, liver, and testis. A truncated mutant of the AT1A-318 receptor was found to be unable to interact with ARAP1 in yeast two-hybrid assay, indicating that the region between 319 to 359 within the carboxylterminus of the AT1 receptor is the binding site for ARAP1. This interaction was further confirmed in vitro, using HEK-293 cells transfected with Flag epitope-tagged AT1A-T318 (truncated receptor) and Myc epitope-tagged ARAP1. A complex of Myc epitope-tagged ARAP1 and Flag epitope-tagged AT1A was observed by co-immunoprecipitation and Western blotting in transfected HEK-293 cells.
To determine whether rat ARAP1 regulates AT1 receptor expression, a radioligand binding assay was performed in HEK-293 cells co-transfected transiently with the vector or rat ARAP1 with rat AT1A receptor (Fig 6) . Without transfection of rat ARAP1, AT1A was rapidly internalized and reached a minimal level (40% of the original) at 30 min following exposure of the cells to 100 nM Ang II. No further decrease of receptor number on the cell surface was detected. A marked increase of receptor number in cell surface was observed in cells transfected with ARAP1 at 30 min post-exposure of the cells to 100 nM Ang II, although AT1 receptor internalization was not affected, as determined at 15 min of treatment with 100 nM Ang II. Under these conditions, no further increase of receptor number in cell surface was detected, suggesting that a new equilibrium had been reached after 30 min exposure of the cells to Ang II. No increased receptor number was observed in other G-protein-coupled receptors, AT2 or β2-adrenoceptors with ARAP1 in transfected HEK-293 cells, indicating that ARAP1 specifically promotes AT1A recycling to the plasma membrane. Immunocytochemical analysis revealed co-localization of recycled Flag epitope-tagged AT1A and GFPtagged ARAP1 in the plasma membrane 45 min after the initial exposure to Ang II (Fig 7) . Taken together, these results indicate a role for ARAP1 in recycling of the AT1 receptor to the plasma membrane with presumable concomitant recovery of receptor signal functions.
Conclusion
In relation to the pathophysiology of essential hypertension, there is no question about pivotal role of the RAS. There is a consensus that the effect of Ang II through its AT1 receptor is manifested in remodeling of the cardiacvascular and renal system. Ten years after cloning of the AT1 receptor, numerous studies have demonstrated that its carboxyl-terminus plays a central role in receptor internalization, desensitization, phosphorylation and recycling. In addition, the carboxyl-terminus of the AT1 receptor directly interacts with numerous proteins, such as heterotrimeric G-proteins, JAK2 kinase, and the recently-identified proteins ATRAP and ARAP1, which initiate receptor activation and signal transduction. Interestingly, ATRAP enhances AT1 receptor internalization as well as receptor desensitization, and inhibits VSMC growth. ARAP1 promotes AT1 receptor recycling to the plasma membrane, but dose not affect AT1 receptor internalization. These findings suggest that both proteins regulate AT1 receptor but via different pathways.
The identification of novel proteins interacting directly with the carboxyl-terminus of the AT1 receptor will increase our knowledge of how the receptor is regulated in intracellular trafficking from different vesicles to recycle back to the plasma membrane. Importantly, they may lead us to understand the crucial and initiative steps of AT1 receptor-mediated signal transduction pathways. Future studies will investigate the physiological importance of these novel AT1 receptor-associated proteins in the cardiovascular system with knock-out and transgenic mice technology.
